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Neutrinoless double beta decay and TeV* scale physics

Motivation

Neutrinos have mass and search is on to discover the nature of their mass.
 
Ongoing or future experiments may detect a “neutrinoless double beta 
decay” signal. 

Such a signal arises when neutrino masses violate lepton number (i.e., 
Majorana) 

Question: is that the correct interpretation of such a signal? 

Are there other (new physics scenario) interpretations?  



New physics scenarios for neutrinoless double beta decay

•  If hierarchy is “normal’’, then planned 0nubb have no chance of detecting Standard Model 
Majorana neutrinos (outside of the quasi-degenerate region) 
 
• In such a circumstance, only hope is for exotic scenarios  

Comparison SuperNEMO sensitivity to various admixtures of WR contribution (0%, 30%, 
100%). Figure from Arnold et. al. (SuperNEMO, 2010)

 Should a ΔL=2 signal be detected, such exotic possibilities should be excluded before concluding that 
effect is due to Majorana neutrino exchange

Resolving competing explanations may need a next-generation detector reconstructing both electron 
kinematics (e.g. NEXT, SuperNEMO)
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Fig. 11: Constraints at one standard deviation on the model parameters mν and λ for 82Se from: (1) an observation
of 0νββ decay half-life at T1/2 = 1025 y (outer blue elliptical contour) and 1026 y (inner blue elliptical contour); (2)
reconstruction of the angular (outer, lighter green) and energy difference (inner, darker green) distribution shape; (3)
combined analysis of (1) and (2) using decay rate and energy distribution shape reconstruction (red contours). The
admixture of the MM and RHCλ contributions is assumed to be: (a) pure MM contribution; (b) 30% RHCλ admixture;
and (c) pure RHCλ contribution. NME uncertainties are assumed to be 30% and experimental statistical uncertainties
are determined from the simulation.
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Fig. 12: As Fig. 11 but for the isotope 150Nd with a decay half-life of T1/2 = 1025 y.

5.3 Rate Comparison of 150Nd and 82Se

While reconstruction of the decay distribution can be an
ideal way to distinguish between different mechanisms, it
might be of little help if 0νββ decay is observed close to
the exclusion limit of SuperNEMO, or not at all. This is
demonstrated in Fig. 11 where, for a half-life of T1/2 =
1026 y, the reconstruction of the energy difference distri-
bution will be problematic due to the low number of events
(compare Fig. 9). As an alternative, it is possible to com-
pare the 0νββ rate in different isotopes. This method,
which could provide crucial information close to the ex-
clusion limit, is especially relevant for SuperNEMO which
could potentially measure 0νββ decay in two (or more)

isotopes. Such a comparative analysis was used in [21]
to distinguish between several new physics mechanisms.
A combined analysis of several isotopes, potentially mea-
sured in other experiments, will improve the statistical
significance [22].

The possibility of sharing the two isotopes equally in
SuperNEMO, each with a total exposure of 250 kg y, is
now considered. In the cases where the MM or the RHCλ

contributions dominate, the following half-life ratios can
be found:

MM :
T

82Se
1/2

T
150Nd
1/2

=
C

150Nd
mm

(2.7)2 · C82Se
mm

= 2.45, (27)



X
e�

e�

d u

u

d

BSM contributions to neutrinoless beta decay: 

Left-Right symmetric model  

• new electroweak gauge bosons couple to right-handed   
  currents 

• new right-handed or “sterile” neutrinos, electroweak 
   partners of Standard Model right-handed electron

• possibility for type-II see-saw at TeV scale 
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Figure from Tello, Nemevsek, Nesti, Senjanovic and Vissani,  2011
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Fig. 2. Combined bounds on mheaviest
N /m� from LFV. The dots show

the (most probable) upper bounds resulting for di�erent mixing an-
gles and phases (varied respectively in the intervals {⇥12, ⇥23, ⇥13} =
{31�-39�, 37�-53�, 0-13�} and [0, 2⌅]). The dark line is the absolute
upper bound. The plot scales as MWR/3.5TeV.

rare ⇤ decays such as ⇤ ⇥ 3µ, etc. [18]). An immediate
rough consequence seems to follow: mheaviest

N /m� < 0.1
in most of the parameter space. However, the strong de-
pendence on angles and phases allows this mass ratio up
to about one in the case of hierarchical neutrino spectra,
thus allowing both N and ⇥L,R to be light. This serves
as an additional test at colliders of type II seesaw used
here. For degenerate neutrinos, unfortunately, no strict
contraint arises: see again Fig. 2.

Neutrinoless double beta decay. We neglect the
small neutrino Dirac Yukawa couplings, the tiny WL-
WR mixing of O(MW /MWR)

2 � 10�3 and contributions
coming from the bidoublet through the charged Higgs,
because of its heavy mass of at least 10TeV [14]. We are
left with an e⇤ective Hamiltonian with two extra contri-
butions (the one from the left-handed triplet being com-
pletely negligible)

HNP = G2
FV

2
Rej

⌅
1

mNj

+
2 mNj

m2
�++

R

⇧
M4

W

M4
WR

JRµJ
µ
R eRe

c
R , (10)

where JRµ is the right-handed hadronic current. Making
use of the LFV constraint mN/m� � 1 one can neglect
the ⇥++

R contribution and write the total decay rate as

�0⇤��

ln 2
= G ·

����
M⇤

me

����
2
⇥
|mee

⇤ |2 +

�����p
2 M4

W

M4
WR

V 2
Rej

mNj

�����

2⇤
, (11)

where G is a phase space factor, M⇤ is the nuclear matrix
element relevant for the light neutrino exchange, while p
measures the neutrino virtuality and accounts also for the
ratio of matrix elements of heavy and light neutrinos.
These quantities have been calculated and [19, 20] are
reported in Table I for some interesting nuclei.

To illustrate the impact of the Dirac and Majorana
phases on the total decay rate, we plot in the left frame
of Fig. 1 the well known absolute value of mee

⇤ , while the
corresponding e⇤ective right-handed counterpart for the
type II seesaw used here,

Mee
N = p2

M4
W

M4
WR

V 2
Lej

mNj

, (12)

ref. nucleus 76Ge 82Se 100Mo 130Te 136Xe 150Nd

[19]
G|M⌫ |2⇥1013 yr 1.1 4.3 2.0 5.3 1.2 75.6

p /MeV 190 186 189 180 280 210

[20]
G|M⌫ |2⇥1013 yr 2.7 � 15.2 12.2 � �

p /MeV 184 � 193 198 � �

Table I. Nuclear factors relevant for 0⇤2�.
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Fig. 3. E�ective 0⇤2� mass parameter |mee
�+N |, a measure of the total

0⇤2� rate including contributions from both left and right currents.

is shown in the right frame. The plot was made using
Eqs. (4), (6), with p = 190MeV and taking the entire
range of VL to be allowed by LFV, see Fig. 2.
The total 0⇥2� rate is governed by the e⇤ective mass

parameter
|mee

⇤+N | = (|mee
⇤ |2 + |Mee

N |2)1/2 (13)

that supersedes the standard matrix element mee
⇤ in the

parameter space accessible to LHC. In Fig. 3, we show
|mee

⇤+N | as a function of the lightest neutrino mass. We
have already stressed in the introduction the reversed role
of the neutrino mass hierarchies. In the case of the right-
handed contribution, the normal hierarchy prevails over
the inverted in wide regions of the parameter space; for
both hierarchies, new physics can win over the neutrino
mass as the source of 0⇥2�. Moreover, Fig. 3 shows that
there is no more room for a vanishing transition rate, as
in Fig. 1. On the upper horizontal axis of Fig. 3 we also
display the lightest of the heavy neutrinos. As one can
see, the range of mlightest

N is easily below 100GeV which
would lead to interesting displaced vertices at LHC [14].
In short, 0⇥2� may be naturally governed by new

physics and thus be disjoint from light neutrino masses.
This is only in apparent contradiction with the often
stated result [21], according to which a non vanishing
0⇥2� implies a nonvanishing neutrino Majorana mass.
Although true as a generic statement, on a quantitative
level it has no practical purpose, as the case exposed here
demonstrates explicitly. Another example was provided
by the minimal supersymmetric standard model [22].

Discussion and outlook. In this Letter we have shown
how the minimal LR symmetric theory o⇤ers a deep con-
nection between high energy collider physics and low en-
ergy processes such as neutrinoless double beta decay and
lepton flavor violation. The crucial point is lepton num-
ber violation which at LHC would reveal itself through
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The Model. The minimal LR symmetric theory is based
on the gauge group GLR = SU(2)L⇥SU(2)R⇥U(1)B�L

and a symmetry between the left and right sectors [8],
which can be taken to be charge conjugation C (for the
advantages of this choice, see [14]). Fermions are LR
symmetric, qL,R = (u, d)L,R and ⌅L,R = (⇤, e)L,R, with
fL ⌥ (fR)c under C, and the gauge couplings are gL =
gR ⇤ g.

The Higgs sector consists [9] of the SU(2)L,R triplets1

�L,R =
�
�++,�+,�0

⇥
L,R

, �L ⌦ (3, 1, 2) and �R ⌦
(1, 3, 2), which under C transform as �L ⌥ �⇥

R. The
group GLR is broken down to the Standard Model (SM)
gauge group by ↵�R� ⇧MW and after the SM symmetry
breaking, the left-handed triplet develops a tiny ↵�L� ⌅
MW . ↵�R� gives masses not only to the WR and ZR

gauge bosons but also to the right-handed neutrinos.
The symmetric Yukawa couplings of the triplets rele-

vant for our discussion are

LY =
1

2
⌅L

M�L

↵�L�
�L⌅L +

1

2
⌅R

M�R

↵�R�
�R⌅R + h.c. , (3)

where M�L and M�R are Majorana mass matrices of
light and heavy neutrinos. In principle, there are also
Dirac Yukawa couplings connecting the two. When these
tiny couplings play a negligible role, the resulting see-
saw is called type II [15]. Purely for reasons of illus-
tration, the rest of this Letter will be devoted to this
appealing case. Due to C, its main characteristic is
the connection between the two neutrino mass matrices
M�R/↵�R� = M⇥

�L
/↵�L�⇥. An immediate consequence is

the proportionality of the two mass spectra

mN  m� , (4)

where mN stands for the masses of the three heavy right-
handed neutrinos Ni and m� for those of the three light
left-handed neutrinos ⇤i.

In this theory, there are both left and right-handed
charged gauge bosons with their corresponding leptonic
interactions in the mass eigenstate basis:

LW =
g�
2

⌅
⇤̄LV

†
L
/WLeL + N̄RV

†
R
/WReR
⇧
+ h.c. . (5)

Since the charged fermion mass matrices are symmetric
(due to the symmetry under C), one readily obtains a
connection (up to complex phases, irrelevant to our dis-
cussion) between the right-handed and the left-handed
(PMNS) leptonic mixings matrices

VR = V ⇥
L . (6)

LHC signatures or How to check type II. LHC
o⇥ers an exciting possibility of seeing directly both LR
symmetry restoration and lepton number violation. The
point is that once produced, WR can decay into a charged

1 There is also a bidoublet, which takes the usual role of the SM
Higgs doublet, and we do not discuss it here. For a recent detailed
analysis of its phenomenology and limits on its spectrum, see [14].

lepton and a right-handed neutrino which in turn de-
cays into a second charged lepton and two jets. Being
Majorana particles, they decay into both leptons and
anti-leptons, hence one obtains same sign lepton pairs,
signaling the violation of lepton number [11]. It turns
out that in this way, LHC running at 14 TeV can reach
MWR . 2.1(4)TeV with a luminosity of 0.1(30) fb�1 [13].
Since in the minimal model there is a rough bound of
about MWR & 2.5TeV [14], in order to be conserva-
tive in our analysis we choose a representative point
MWR = 3.5TeV together with mheaviest

N = 0.5TeV.
The flavor dependence of VR can be determined pre-

cisely through these same sign lepton pair channels; thus,
Eq. (6) may be falsified in the near future. Furthermore,
if LHC will measure the heavy right-handed masses in
the same process, one could perform crucial consistency
checks of type II seesaw, such as

m2
N2
�m2

N1

m2
N3
�m2

N1

=
m2

�2
�m2

�1

m2
�3
�m2

�1

� ±0.03 . (7)

Here, the right-hand side is determined by oscillation
data and the ± signs corresponds to normal/inverted hi-
erarchy case. Another eloquent relation among the mass
scales probed in cosmology, atmospheric neutrino oscil-
lations and LHC is:

mcosm=
 

i

m�i � 50meV⇥
�

i mNi⌦
|m2

N3
�m2

N2
|
. (8)

The bottom line is that the LHC can determine the
right-handed neutrino masses and mixings and allow one
to make predictions studied below. The type II seesaw
chosen here is only a transparent illustration of how these
connections take place.

Lepton Flavor Violation. Lepton flavor violation in
LR symmetric theories has been studied in the past [16].
What is new in our analysis is the connection with LHC
and especially the quantitative implications for 0⇤2�.
There are various LFV processes providing constraints

on the masses of right-handed neutrinos and doubly
charged scalars illustrated in Fig. 2. It turns out that
µ⌃ 3e, induced by the doubly charged bosons �++

L and
�++

R , provides the most relevant constraint and so we
give the corresponding branching ratio

BRµ⇤3e =
1

2

⌃
MW

MWR

⌥4 ⇤⇤⇤⇤VL
mN

m�
V T
L

⇤⇤⇤⇤
2

eµ

⇤⇤⇤⇤VL
mN

m�
V T
L

⇤⇤⇤⇤
2

ee

, (9)

where 1/m2
� ⇤ 1/m2

�L
+ 1/m2

�R
. The current experi-

mental limit is BR(µ⌃ 3e) < 1.0⇥ 10�12 [17].
The LFV transition rates become negligible when the

masses MWR and m� become larger than about 100TeV.
We are interested in LHC accessible energies, in which
case the smallness of the LFV is governed by the ratio
mN/m�, in addition to mixing angles and phases. In
Fig. 2, we plot the upper bound on this quantity vary-
ing the mixing angles and phases (LFV plots also take
into account µ⌃ e conversion in Au nuclei, µ⌃ e⇥ and
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MWR . 2.1(4)TeV with a luminosity of 0.1(30) fb�1 [13].
Since in the minimal model there is a rough bound of
about MWR & 2.5TeV [14], in order to be conserva-
tive in our analysis we choose a representative point
MWR = 3.5TeV together with mheaviest

N = 0.5TeV.
The flavor dependence of VR can be determined pre-

cisely through these same sign lepton pair channels; thus,
Eq. (6) may be falsified in the near future. Furthermore,
if LHC will measure the heavy right-handed masses in
the same process, one could perform crucial consistency
checks of type II seesaw, such as

m2
N2
�m2

N1

m2
N3
�m2

N1

=
m2

�2
�m2

�1

m2
�3
�m2

�1

� ±0.03 . (7)

Here, the right-hand side is determined by oscillation
data and the ± signs corresponds to normal/inverted hi-
erarchy case. Another eloquent relation among the mass
scales probed in cosmology, atmospheric neutrino oscil-
lations and LHC is:

mcosm=
 

i

m�i � 50meV⇥
�

i mNi⌦
|m2

N3
�m2

N2
|
. (8)

The bottom line is that the LHC can determine the
right-handed neutrino masses and mixings and allow one
to make predictions studied below. The type II seesaw
chosen here is only a transparent illustration of how these
connections take place.

Lepton Flavor Violation. Lepton flavor violation in
LR symmetric theories has been studied in the past [16].
What is new in our analysis is the connection with LHC
and especially the quantitative implications for 0⇤2�.
There are various LFV processes providing constraints

on the masses of right-handed neutrinos and doubly
charged scalars illustrated in Fig. 2. It turns out that
µ⌃ 3e, induced by the doubly charged bosons �++

L and
�++

R , provides the most relevant constraint and so we
give the corresponding branching ratio

BRµ⇤3e =
1

2

⌃
MW

MWR

⌥4 ⇤⇤⇤⇤VL
mN

m�
V T
L

⇤⇤⇤⇤
2

eµ

⇤⇤⇤⇤VL
mN

m�
V T
L
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2

ee

, (9)

where 1/m2
� ⇤ 1/m2

�L
+ 1/m2

�R
. The current experi-

mental limit is BR(µ⌃ 3e) < 1.0⇥ 10�12 [17].
The LFV transition rates become negligible when the

masses MWR and m� become larger than about 100TeV.
We are interested in LHC accessible energies, in which
case the smallness of the LFV is governed by the ratio
mN/m�, in addition to mixing angles and phases. In
Fig. 2, we plot the upper bound on this quantity vary-
ing the mixing angles and phases (LFV plots also take
into account µ⌃ e conversion in Au nuclei, µ⌃ e⇥ and

or



BSM contributions to neutrinoless beta decay: 

R-parity violation inspired   

• new charged scalar leptons (“sleptons”)

• new electroweak partners of the electron  

• generate different contact operator at low energies

see e.g. M. Ramsey-Musolf,  T. Peng and P. Winslow, 2015 
for thorough LHC collider phenomenology analysis 
(and see M. Ramsey Musolf ’s talk) 

• R-M P W include leading 2 pion interactions and RGE 
analysis, backgrounds, detector sim.
• and determine signal acceptances - very model-
dependent 
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�(fb) Signal Backgrounds

Sp
S+B

(
p
fb)

Diboson Charge Flip Jet Fake

W�W�+2j W�Z+2j ZZ+2j Z/�⇤+2j tt tt t+3j W�+3j 4j

Before Cuts 0.142 0.541 6.682 0.628 903.16 68.2 6.7 0.45 15.09 362.352 0.0038

Signal Selection 0.091 0.358 4.66 0.435 721.7 28.9 2.37 0.22 11.73 72.03 0.0031

HT (jets) > 650 GeV 0.054 0.04 0.187 0.015 5.6 0.266 0.025 0.0003 0.102 0.027 0.0213

m`1`2 > 130 GeV 0.039 0.029 0.105 0.008 0.163 0.127 0.024 3x10�4 0.101 0.027 0.0493

E/T < 40 GeV 0.036 0.005 0.036 0.007 0.126 0.014 0.005 3x10�5 0.03 0.017 0.0684

(⌘j1,2 � ⌘`1,2)max < 2.2 0.033 0.003 0.022 0.005 0.093 0.009 0.004 2x10�5 0.019 0.011 0.0738

TABLE I: Cut-flow designed for optimizing signal relative to background. Note: kinematic cuts are not commutative.

searches less compelling than presently considered.
In what follows, we revisit the analysis of Refs. [29, 30]

and find that their conclusions regarding the LHC reach
may be overly optimistic. We consider three aspects
of the LHC and 0⌫��-decay physics not included in
Refs. [29, 30]: (a) the impact of SM and detector back-
grounds on the significance of an LHC LNV signal; (b)
running of the corresponding LNV e↵ective operators
from the TeV scale to the low-energy scale relevant to
0⌫��-decay; and (c) long-distance contributions to the
0⌫��-decay nuclear matrix element (NME). The impacts
of these considerations are, respectively, to (a) degrade
the significance of the LHC LNV signal for a given choice
of LNV model parameters; (b) reduce the strength of the
0⌫��-decay amplitude relative to the inferred value of
parameters at the high scale; and (c) enhance the NME.
We then find that for a limited range of heavy parti-
cle masses, existing 0⌫��-decay searches and Run II of
the LHC may have comparable sensitivities to TeV scale
LNV, depending on the values of the 0⌫��-decay nuclear
and hadronic matrix elements. Accumulation of addi-
tional data with the high-luminosity phase of the LHC
would be necessary to achieve a reach comparable to the
tonne-scale 0⌫��-decay searches.

To be concrete, we focus on one of the simplified
models yielding the greatest LHC reach according to
Refs. [29, 30]. The model includes a scalar doublet S
transforming as (1, 2, 1) under SU(3)C⇥SU(2)L⇥U(1)Y
and a Majorana fermion F that transforms as a SM gauge
singlet. The interaction Lagrangian is

LLNV = g1Q̄
↵
i d

↵
i S + g2✏

ijL̄iFS⇤
j + h.c. , (1)

where L and Q are first generation left-handed lepton
and quark doublets, respectively; d is the right-handed
down quark; and Roman and Greek indices correspond
to SU(2)L and SU(3)C components, respectively. In high
energy proton-proton collisions, the interaction (1) will
generate a final state with a same sign (SS) di-electron
pair along with two high-pT jets. When either the S or
F appears as an s-channel resonance, the corresponding
cross section will be enhanced. For the low-energy 0⌫��-
decay process, one may integrate out the heavy degrees

of freedom, yielding the dimension-nine LNV interaction:

Le↵
LNV =

C1

⇤5
O1+h.c. , O1 = Q̄⌧+dQ̄⌧+dL̄LC , (2)

where LC is the lepton doublet charge conjugate field,
C1 = g21g

2
2 and ⇤5 = M4

SMF .
We have implemented the model (1) in Madgraph

and generated events with Madevent [31] for pp colli-
sions at 14 TeV, carrying out showering, jet matching,
and hadronization with Pythia [32] and detector simu-
lation with PGS. The dominant backgrounds involve (a)
“charge flip”, wherein one lepton from a SM opposite sign
(OS) di-electron pair transfers most of its pT to an elec-
tron of the opposite sign through conversion and (b) a
high-pT jet is registered as an electron in the electromag-
netic calorimeter (“jet fake”). The largest contributors
to the charge flip background are SM production of a Z
and virtual � plus jets, followed by tt̄ production wherein
the b-quarks from the top decays are not tagged. For the
jet fake background, SM multi-jet production is by far
the leading contributor. Subdominant backgrounds in-
clude diboson (WW, WZ, ZZ) plus jets. The charge flip
background from the various aforementioned sources was
derived by binning events in pseudo-rapidity (⌘) and ap-
plying the ⌘-dependent charge-flip probabilities as mea-
sured by ATLAS [33]. For the jet-fake background, we
applied a medium jet-fake probability of 2⇥10�4 [33, 34]
times a combinatoric factor associated with the number
of jet-fakes in an event with N jets.
After imposing a set of basic selection cuts (pTj,b,`±

>

20 GeV, |⌘j | < 2.8, |⌘`± | < 2.5) we find that addi-
tional cuts on HT (jets), the scalar sum of all jet pT ,
the dilepton invariant mass, and missing energy E/T are
highly e↵ective in reducing the background while main-
taining the signal. A set of cuts that optimizes the signif-
icance S/

p
S +B is given in Table I. The signal indicated

is generated for MS = MF = 1 TeV and g1 = g2 = 0.176,
corresponding to a 0⌫��-decay rate consistent with the
present GERDA upper bound (see below).
In order to translate the sensitivity to the parameters

that enter the high energy process to the 0⌫��-decay
rate, we evolve the operator O1 to the GeV scale using

Figure 7: Production and decay of a single selectron in R–parity violating models (left,

from [56]) . Region in the mSUGRA parameter space (vertical axis: M1/2 in GeV, horizontal

axis: M0 in GeV) in which single slepton production may be observed at the LHC for

tan β = 10, A0 = 0 and 10fb−1 of integrated luminosity. In the top left-hand black triangle,

the stau is the LSP, a case not discussed in [56]. The black region at the bottom is ruled out

by direct search constraints. The labeled contours are taken from Ref. [59], and indicate

the search reach given by the corresponding value of λ′
111. The white, dark-shaded and

light-shaded regions demonstrate that observation of single slepton production at the 5σ

level would imply T 0νββ
1/2 < 1.9 ·1025yrs, 100 > T 0νββ

1/2 /1025yrs > 1.9 and T 0νββ
1/2 > 1×1027yrs,

respectively (right, from [56]).

4.3 Leptoquarks

Leptoquarks (LQs) are hypothetical scalar or vector particles coupling to both leptons

and quarks. They appear most prominently in grand unified theories, but also in extended

Technicolor or Compositeness models. LQs which conserve baryon number can be relatively

light [60], possibly within reach of accelerator experiments. Also low-energy precision

measurements can give limits on LQ properties, for a detailed list on constraints from non-

accelerator searches see, for example [61] and [62]. The mixing of different LQ multiplets by

a possible leptoquark–Higgs coupling [11] can lead to a contribution to 0νββ decay, if these

couplings violate lepton number [12]. Diagrams involving LQs and standard model weak

current interactions can be generated, see Fig. 8. These diagrams are of the long range

type and due to the chirality violating LQ interaction gain a p/ -enhancement in the double
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3

interactions leading to (1) can be written as the following
dimension-6 operators

Ldim�6
NSI = �

2"qP
↵�

v2
(L↵�µL�)(q�µPq), (2)

where L = (⌫, `) is the lepton doublet and v2 = 1/
p
2GF .

These operators are very strongly bounded by processes
involving charged leptons `. It has been argued, how-
ever, that Eq. (2) should not be used to derive model-
independent bounds, as the NSI could also arise from
more complicated e↵ective operators. If such operators
involve the Higgs field, the obvious SU(2)L connection
may be broken [14, 26–28]. Typical examples are mod-
els where (1) arises from dimension-8 operators of the
form [27]

Ldim�8
NSI = �

4"qP
↵�

v4
(HL↵�µHL�)(q�µPq), (3)

with H being the Higgs doublet. In defining the coe�-
cient of the operator we used the fact that in the unitary
gauge H†H ! (v + h)2 /2, with h the Higgs field. In
this case the low-energy Lagrangian (1) need not be ac-
companied by same-strength operators involving charged
leptons.

Lastly, let us note that even the NSI Lagrangian (3)
will inevitably contribute to charged lepton processes at
high energies [29]. We will see in Sec. VB that the op-
erator in Eq. (3) does indeed produce charged leptons at
the LHC, at potentially detectable levels.

III. MONOJET BOUNDS ON NEUTRINO
CONTACT INTERACTIONS

At the simplest level, the four fermion operator in
Eq. (1) gives rise to the distinctive but invisible pro-
cess qq̄ ! ⌫↵⌫� . This event is rendered visible if for
example one of the initial state quarks radiates a gluon,
qq̄ ! ⌫↵⌫�g. This along with the two other diagrams in-
volving quark-gluon initial states shown in Fig. 2 consti-
tute the monojet plus missing transverse energy (MET)
signal we consider here:

pp (pp̄) ! j ⌫̄↵⌫� , j = q, q, g. (4)

Analogous constraints on NSI [27] and dark matter [30]
involving electrons arise at e+e� colliders where instead
of a jet one has a photon in the final state.

Below, in Sec. IIIA, we describe our derivation of
the bounds from the LHC (ATLAS [31]) and Tevatron
(CDF [4, 5, 32]) data, assuming the interactions remain
contact for all relevant energies. The summary of these
bounds is presented in Table I. We note that these con-
straints improve considerably the corresponding bounds
on "e⌧ , "⌧⌧ , "ee, as reported in [28].

Given that the LHC is already at the frontier of
neutrino-quark interactions, it is natural to ask how these

CDF ATLAS [31]

GSNP [32] ADD [4, 5] LowPt HighPt veryHighPt

"uP↵�=↵ 0.45 0.51 0.40 0.19 0.17

"dP↵�=↵ 1.12 1.43 0.54 0.28 0.26

"uP↵� 6=↵ 0.32 0.36 0.28 0.13 0.12

"dP↵� 6=↵ 0.79 1.00 0.38 0.20 0.18

TABLE I: Bounds on the contact NSI from the CDF and
ATLAS monojet + MET searches. The CDF bounds are
based on 1.1 fb�1 of data and are shown for two sets of cuts,
the softer “Generic Search for New Physics” (GSNP) cuts [32]
and the harder ones optimized for the ADD searches [4, 5].
The ATLAS bounds are based on 1 fb�1 for the three di↵erent
cuts analyzed in [31]. All bounds correspond to 95% C.L. The
bounds do not depend on the neutrino flavor ↵,� = e, µ, ⌧ nor
on the chirality P = L,R of the quark. We assume only one
coe�cient at a time is turned on. When several coe�cients
contribute the bound reads as shown in Eq. (6).

q/q

q/q

⌫�

⌫↵

g

q/q

g

⌫�

⌫↵

q/q

q/q

g

⌫�

⌫↵

q/q

FIG. 2: Feynman diagrams contributing to the monojet sig-
nal (4), with time flowing from left to right. The shaded blobs
denote the NSI contact interaction. At the 7 TeV LHC the qq
initial state contributes approximately the 70% of the signal.

bounds will change in the near future, as more data is
collected and analyzed. In Section III B we attempt to
make some informed projections of the bounds, conclud-
ing that a significant improvement in the bounds will only
be achieved once systematics are reduced. We note that
although CMS also has a monojet study with a compa-
rable data set [33], we use the ATLAS study precisely
because of its careful discussion of the systematics.
We also examine the e↵ect of the event selection crite-

ria as a determinant in setting the bounds. In particular,
note that while the hardest pT cut of the five selection cri-
teria in Table I yields the strongest bound in the contact
limit, the same is not true in the light mediator regime,
as we show in Sec. IV.

A. Analysis details

The standard model (SM) monojet backgrounds are
primarily due to pp(pp̄) ! jZ ! j⌫⌫, pp(pp̄) ! jW !
j`⌫ where the charged lepton is missed, and multi-jet
QCD events [31–33].
The CDF collaboration released its monojet data with

two sets of cuts. One is designed for a generic search for
new physics (henceforth, the GSNP cut) [32], the other

5

⌫
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⌫

⌫

⌫

FIG. 3: Feynman diagrams contributing to monojet signals in
the leptoquark model. Dashed lines denote a leptoquark. The
last diagram can dominate for light leptoquark masses, but is
subdominant at low energy as it leads to a dimension-8 op-
erator involving a gluon field, two quarks, and two neutrinos.

⌫

⌫

⌫

⌫

⌫

⌫

FIG. 4: Monojet signals in the Z0 model of the NSI contact
operator. Wavy lines denote a Z0.

is achieved 1.
Finally, using the same �2 procedure we can obtain

a rough estimate of the bounds expected from the 14
TeV LHC in an optimistic and completely unrealistic sce-
nario where systematics are negligible. With 100 fb�1 of
data at the 14 TeV LHC the bounds can be as strong as
"uP,dP

↵�
<⇠ 10�3.

IV. MODEL-DEPENDENT BOUNDS

The e↵ective operator analysis of the previous Section
presupposes that the scale of new physics is much higher
than the energies probed in collisions. What happens
when this is not the case? In this Section, we examine
a scenario with a finite-mass mediator. We show that
the contact limit does not set in at the LHC unless the
mediator mass is above several TeV. We also find that, for
very light mediators, the NSI parameters " are actually
less constrained by monojets than in the contact limit.

1
Note added: This point is illustrated perfectly by the recently

released CMS monojet analysis with 4.7 fb

�1
of data [39]. This

analysis employed event selection criteria similar to the very-
HighPt ATLAS analysis [31] and arrives at similar systematic

e↵ects. The bounds we obtain from this CMS data are indeed

essentially the same as the veryHighPt ATLAS bound shown in

Fig. 7, despite five times more statistics.

Const. acceptance

Broad resonance

100 101 102 103 104 105
10-6

10-5

10-4

10-3

10-2

10-1

100

101

MZ ' @GeVD

∂

FIG. 5: Contours of fixed generator-level cross-section in the
Z0 model. Here it is assumed that the Z0 couples equally to
uL and a flavor non-conserving neutrino pair. The red-dashed
curve illustrates the näıve bound obtained by using a fixed
acceptance, corresponding to the contact-operator with very-
HighPt cuts. See text for additional details. Actual bounds
are shown in Fig. 7.

Any discussion beyond the e↵ective operator limit is by
necessity model-dependent. The e↵ective operator of the
form given in Eq. (3) could be UV-completed in di↵erent
ways. As an example, consider a t-channel completion
with a leptoquark exchange between a quark and a neu-
trino. The leptoquark in question is for example an elec-
troweak doublet, color triplet scalar S with hypercharge
Y = 1/6 that couples to the SM fermions via dRLS.
Higgs VEV insertions on the leptoquark line can account
for a suppression of charged lepton processes [26]. The
leptoquark would contribute to the monojet production
rate via the diagrams shown in Fig. 3. It is instructive
to consider how the NSI parameters in this model can be
constrained by the wealth of the available data (beyond
monojets). We will discuss this later (in Sect. VA).

As a second example, consider an s-channel UV com-
pletion with a Z 0 intermediate state. It is assumed that
in the full model the SU(2)L symmetry is again appro-
priately broken by Higgs VEV insertions. How exactly
this is realized will dictate what other searches could be
used to probe this scenario. For our immediate purpose,
we are interested in the direct monojet bounds and hence
will consider a schematic Z 0-neutrino and Z 0-quarks cou-
plings (for an existence proof see [46] for an explicit
model where the Z 0 couples only to quarks and neutri-
nos but not to charged leptons). The relevant processes
are shown in Fig. 4. These examples illustrate potential
connections between neutrino NSI and various ongoing
searches at the LHC.

6

Other models could be given (see, e.g., [37, 38]). Our
goal here, however, is not to survey multiple specific sce-
narios of new physics, but simply to demonstrate that
the monojet bounds on NSI could vary significantly as
a function of the mediator mass. To this end, we will
specialize to the Z 0 model, and show how the monojet
rates depend on MZ0 and the coupling gZ0 .

To begin, we compute the parton-level cross sections
of the monojet process as a function of MZ0 and gZ0 .
For simplicity, the width of the Z 0 is calculated here as-
suming coupling only to one quark flavor and chirality
as well as one neutrino flavor, �Z0 = g2Z0MZ0/6⇡. We
consider proton-proton collisions at 7 TeV, and also spe-
cialize to a flavor-changing NSI, so that the interference
e↵ects are absent. We again use Madgraph/Madevent v5,
which we set up to loop over a two-dimensional logarith-
mically spaced grid of points.

The resulting contours of constant parton-level cross
section are shown in Fig. 5. The results are presented in
terms of " ⌘ "uP

↵� 6=↵ (cf. Table I). We see here four regimes
of interest: (1) the heavy mass, small coupling regime
where the " cross section are independent of the media-
tor mass, thus merging with the contact operator results;
(2) the heavy mass, strong coupling regime (shaded tri-
angle); (3) the intermediate mass regime where the cross
section for fixed " is maximal; and (4) the low mass
regime where for fixed " the cross section decreases as
the mass is lowered. In all, we see that for a fixed value
of the " parameter (fixed e↵ect in neutrino oscillations)
the monojet cross sections are indeed strongly sensitive
to the mass scale of the mediator, varying by several or-
ders of magnitude in the mass range [1, 105] GeV.

The first regime (high mass, small coupling) is self-
evident. In the second regime, the coupling gZ0 =p
2"(MZ0/v) becomes strong, the Z 0 becomes a very

broad resonance, and the tree-level MadGraph treatment
is clearly inadequate. In the third (intermediate mass)
regime the mediator mass MZ0 is of the order of the
parton-parton collision energy. Monojet processes oc-
curring via s-channel exchange are resonantly enhanced,
compared to the contact regime.

Lastly, consider the fourth regime, in which the cross
section decreases as the mediator mass is lowered. In
Fig. 5 this occurs for masses below a few hundred GeV.
This happens because the typical momentum transfer
flowing into the propagator dominates over the media-
tor mass. In this limit for fixed coupling gZ0 the cross
section becomes independent of the mediator mass. At
the same time, for fixed ", the cross section falls as M2

Z0 .
Notice that a similar e↵ect has already been noted in
dark matter monojet searches [8].

For very light mediators, although monojet constraints
become trivial, other bounds become relevant, for exam-
ple, rare decays and reactor bounds [40]. In addition,
fixed target experiments have been proposed as a probe
of generic models with light mediators [41]. Finally, star
cooling bound on NSI may need to be re-examined.

Our next task is to convert these results into concrete
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FIG. 6: The acceptance as a function of the Z0 mass. Here the
acceptance is the fraction of events in the initial pT > 50 GeV
parton-level sample that pass the Pythia-level analysis cuts.
Lighter mediators produce fewer high-pT events, resulting in
a suppressed acceptance. This is especially evident in the
veryHighPt case where the choppiness of the curve is a result
of low statistics.
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FIG. 7: Our NSI bounds in the Z0 model, using CDF and AT-
LAS monojet data. In the contact limit, the best bounds come
from the LHC’s hardest cuts, while below MZ0 <⇠ 200 GeV
CDF’s softest (GSNP) cut is more constraining. In general,
the optimal cut is a function of the mediator mass. Recent
CMS monojet data at 4.7 fb�1 [39] provide a constraint very
similar to the veryHighPt ATLAS curve shown here.

bounds on the NSI parameters, as was done for contact
interactions earlier. This means converting the parton-
level cross sections into simulated jets and applying the
experimental cuts. Näıvely, one might model this step
by a constant acceptance factor, extracted from the con-
tact operator analysis. In this way, one would obtain the
bound given by the red dashed contour in Fig. 5. Yet,
this would be inaccurate, as we find that the acceptance
is a strong function of the Z 0 mass. Passing all of our
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goal here, however, is not to survey multiple specific sce-
narios of new physics, but simply to demonstrate that
the monojet bounds on NSI could vary significantly as
a function of the mediator mass. To this end, we will
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This happens because the typical momentum transfer
flowing into the propagator dominates over the media-
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the same time, for fixed ", the cross section falls as M2

Z0 .
Notice that a similar e↵ect has already been noted in
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For very light mediators, although monojet constraints
become trivial, other bounds become relevant, for exam-
ple, rare decays and reactor bounds [40]. In addition,
fixed target experiments have been proposed as a probe
of generic models with light mediators [41]. Finally, star
cooling bound on NSI may need to be re-examined.

Our next task is to convert these results into concrete
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FIG. 6: The acceptance as a function of the Z0 mass. Here the
acceptance is the fraction of events in the initial pT > 50 GeV
parton-level sample that pass the Pythia-level analysis cuts.
Lighter mediators produce fewer high-pT events, resulting in
a suppressed acceptance. This is especially evident in the
veryHighPt case where the choppiness of the curve is a result
of low statistics.

lowPT
CDF

GSNP

highPT

veryHighPT

Broad resonance

CDF ADD
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100
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FIG. 7: Our NSI bounds in the Z0 model, using CDF and AT-
LAS monojet data. In the contact limit, the best bounds come
from the LHC’s hardest cuts, while below MZ0 <⇠ 200 GeV
CDF’s softest (GSNP) cut is more constraining. In general,
the optimal cut is a function of the mediator mass. Recent
CMS monojet data at 4.7 fb�1 [39] provide a constraint very
similar to the veryHighPt ATLAS curve shown here.

bounds on the NSI parameters, as was done for contact
interactions earlier. This means converting the parton-
level cross sections into simulated jets and applying the
experimental cuts. Näıvely, one might model this step
by a constant acceptance factor, extracted from the con-
tact operator analysis. In this way, one would obtain the
bound given by the red dashed contour in Fig. 5. Yet,
this would be inaccurate, as we find that the acceptance
is a strong function of the Z 0 mass. Passing all of our

Sidebar: Acceptance is model-dependent
E.g.Monojet bounds on Non-standard Neutrino Interactions
(A. Friedland, MG, I. Shoemaker, L. Vecchi, ’12)

Z’ model
For fixed cuts, weaker limit for lighter mediator
• can’t just use reported sigma*BR, common to 
   many 0nubb <-> LHC comparisons
• need to determine acceptance for your 
  favorite model 
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Disclaimer/Philosophy for new physics scenarios for neutrinoless 
double beta decay

•Will use effective field theory to study connection between
  high-energy (below ΔL=2 mass scale) and 0nubb experiments   
  (low-energy) 

• Plug-in favorite UV model to matching condition of Wilson coefficients

• But it would be nice if favorite UV model had some other compelling 
   feature (Feynman)

• Theoretical inputs: - (pQCD) anomalous dimensions of operators 
- lattice inputs to QCD matrix elements (becoming  
  increasingly under control)
- nuclear matrix elements of nucleon operators 

• Neutrino mass generation may be sub-dominant to 0nubb experimental 
   signal (see Michael Ramsey-Musolf ’s talk)

 



BSM contributions to neutrinoless beta decay 
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Effective field theory analysis of BSM contributions to neutrinoless 
double beta decay

• new particles generating ΔL=2 processes have masses in multi-TeV scale. 

• 0nubb process generated at very short distances.

• Leading effects of such TeV scale physics can be described by series of ΔL=2 violating 
   operators involving only quarks and leptons  

Leff = LSM + L⌫,M +
X

i,d>4

cdi
⇤d�4

O(d)
i

dd ! uue�e�e.g.,
(collider signal: 
Keung, Senjanovic, PRL, 1983)



• leading ΔL=2 operator with two charged leptons has a minimum of 4 quarks, in other words, dimension 9

• For ΔL=2 phenomenology (e.g., 0nubb decay rates) need to know a minimal basis of operators, the set of 
relevant operators that cannot be reduced by Fierz operators 

• Electromagnetic invariance: 24 (compared to 14=2*5+4 in prior literature): 
                                                                 8 scalar and 8 vector 4-quark operators

• Electroweak invariance: If scale Λ of ΔL=2 violating physics is much larger than the electroweak scale, effect of 
ΔL=2 physics appears as a series of higher dimension operators invariant under the full Standard Model gauge 
symmetry  

• If color + electroweak invariance is imposed, then 11 operators at LO in v/Λ:  7 scalar and 4 vector 

•  At hadron colliders, if E << Λ, then collider only probing (color + electroweak invariant) ΔL=2 contact 
operators. In this “contact limit” can classify their experimental signatures. 

At “low energy” - ie QCD scale - there are a number of “short distance” operators that contribute 
to neutrinoless double beta decay (Prezeau, Ramsey-Musolf and Vogel (PRD, 68, 2003))

L
e↵

=
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⇤5

LNV

"
X

i=scalar

�
ci,S ēec + c0i,S ē�

5

ec
�
Oi + ē�µ�5e

c
X

i=vector

ci,V Oµ
i

#

What is a minimal basis (MG, arXiv:1606.04549) ?



operator content
hadron collider signatures
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Table 1. Table of dimension-9 electroweak invariant operators contributing to 0⌫�� decay and
hadron collider processes. A ‘

p
’ indicates the operator contributes to the hadron collider process,

whereas a ‘_̈’ indicates that it does not. In the “Low Energy” column the notation LL, LR, and
RR refer to whether the two leptons in the operator are eLeCL , eL�

µeCR, or eRe
C
R, respectively. For a

given operator , the last column indicates at what chiral order the two-pion interactions first appear,
using the results summarized in Tables 2 and 3. A ‘-’ indicates the operator does not contribute to
NNLO order.

at LO in v/⇤. To LO the only operator that does not appear is O3L. The results of this

Section are summarized in Table 1.

4 Mapping onto chiral perturbation theory

The next step is to obtain the e↵ective Hamiltonian of these interactions inside a nucleus,

using chiral perturbation theory (�PT) to match the e↵ective theory at the GeV scale onto

the e↵ective theory involving pions and nucleons defined below that scale. The application

of �PT to neutrinoless double � was pioneered and developed in Ref. [10]. The processes

relevant to neutrinoless double � decay are shown in Figure 1. The strength of the contact

interaction involving two electrons to pions and nucleons can only be determined accurately

using lattice QCD. As noted in the Introduction, preliminary lattice results for the ⇡⇡

matrix elements now exist [12]. Approximate chiral SU(3) symmetry can also be used to

– 10 –

Table from MG, 
arXiv:1606.04549

Electroweak invariant dimension 9 operators: 
                       collider signatures

• Set up systematic formalism for χPT operators in low-energy effective field theory
• Applied general formalism to identify which operators contribute at LO to eeππ interactions 
(i.e., which ops. in χPT dominate ΔL=2 amplitude over effects of eeπNN and eeNNNN interactions)

vector 4-quark 
operators (4)

scalar 4-quark 
operators (7)

LR symmetric theory

RPV-inspired theory
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Effective field theory analysis of BSM contributions to neutrinoless 
double beta decay: Weinberg power counting 

• Quarks couple to everything, so expect 4 quark operator to generate many multi-hadron interactions

• Two pion interaction important (Faessler, S. Kovalenko, F. Simkovic, and J. Schwieger, 1996; Prezeau, Ramsey-Musolf and Vogel 

(PRD, 68, 2003)) but not consistently implemented in other literature 

• A number of analyses comparing LHC projections and 0nubb limits only include 4-nucleon 
interactions, “conservatively” suppressing limits from 0nubb experiments (unfairly promotes the 
competitiveness of the LHC)

• Here power counting is for free field theory only - need to insert inside a nucleus and test power-
  counting 

O(q�1+�O(⇡NN))O(q�2+�O(⇡⇡)) O(q0+�O(NNNN))
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Effective field theory analysis of BSM contributions to neutrinoless 
double beta decay: Estimate of long-distance pion exchange 

O(q�2+�O(⇡⇡))

chiral PT estimate: MhOii ⇠ 10�2 (O2,3,4,5, O
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Effective field theory analysis of BSM contributions to neutrinoless 
double beta decay (MG, arXiv:1606.04549)

O = T ab
cd (q

c�qa)(q
d�0qb), T ab

cd = (⌧+) a
c (⌧+) b

d

qL ! Lq, qR ! RqR,

T ! T ⌦X1 ⌦X2 ⌦X3 ⌦X4, Xi 2 {L,R,L†, R†}

T ab
cd Õcd

ab(⇡, N)

General  ΔL=2  4-quark scalar operator (following Savage 1999) 

Transform T such that O is formally chirally invariant 

Construct pion and nucleon operators in chiral theory 
such that they are formally chirally invariant 



Effective field theory analysis of BSM contributions to neutrinoless 
double beta decay: Weinberg power counting 

With ⇠ = Exp[⇡ · ⌧/2F⇡], ⇠ ! L⇠U†
= U⇠R†, N ! UN

Construct “proto-O” out of products of        such that ⇠’s

(proto� Õ) ! (proto� Õ)⌦ Y1 ⌦ Y2 ⌦ Y3 ⌦ Y4, Yi 2 {U,U†}

To construct invariants 
• only pions: takes all possible traces 
• pions and two nucleons: multiply by two N fields in all possible 
  ways, take all possible traces 
• Four nucleons: multiply in by 4 nucleon fields in all possible 
   ways  
• can also generate new operators involving higher chiral order 
  using chiral transformation properties of quark mass and 
  covariant derivative  



Example: Operators from WR exchange (Left-right-symmetric model) 

O3R ⌘ (qR�
µ⌧+qR)(qR�µ⌧

+qR)

T ab
cd ! T↵�

⇢� R⇢
cR

�
dR

†a
↵ R†b

�

proto� Õ3R = T

ab
cd ⇠

†i
a ⇠

†j
b ⇠

c
k⇠

d
l

To construct invariants 
• only pions: takes all possible traces -> all vanish (in this example) 
• Four nucleons: multiply in by 4 nucleon fields in all possible 
   ways -> non-vanishing operator involving 4 nucleons  
• can also generate new operators involving higher chiral order 
  using chiral transformation properties of quark mass and 
  covariant derivative -> Find a number of single and double trace operators, 
e.g. tr(Dµ⇠⌧+Dµ⇠

†⇠⌧+⇠†)

For this operator, expect first non-vanishing two-pion matrix element at NLO 
-- which we confirmed using chiral SU(3) -- and first non-vanishing 4 nucleon 
matrix element at LO
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Table 1. Table of dimension-9 electroweak invariant operators contributing to 0⌫�� decay and
hadron collider processes. A ‘

p
’ indicates the operator contributes to the hadron collider process,

whereas a ‘_̈’ indicates that it does not. In the “Low Energy” column the notation LL, LR, and
RR refer to whether the two leptons in the operator are eLeCL , eL�

µeCR, or eRe
C
R, respectively. For a

given operator , the last column indicates at what chiral order the two-pion interactions first appear,
using the results summarized in Tables 2 and 3. A ‘-’ indicates the operator does not contribute to
NNLO order.

at LO in v/⇤. To LO the only operator that does not appear is O3L. The results of this

Section are summarized in Table 1.

4 Mapping onto chiral perturbation theory

The next step is to obtain the e↵ective Hamiltonian of these interactions inside a nucleus,

using chiral perturbation theory (�PT) to match the e↵ective theory at the GeV scale onto

the e↵ective theory involving pions and nucleons defined below that scale. The application

of �PT to neutrinoless double � was pioneered and developed in Ref. [10]. The processes

relevant to neutrinoless double � decay are shown in Figure 1. The strength of the contact

interaction involving two electrons to pions and nucleons can only be determined accurately

using lattice QCD. As noted in the Introduction, preliminary lattice results for the ⇡⇡

matrix elements now exist [12]. Approximate chiral SU(3) symmetry can also be used to

– 10 –

Table from MG, 
arXiv:1606.04549

Electroweak invariant dimension 9 operators: 
                       two-pion couplings

• Only one pair of scalar operators suppressed in chiPT counting (O1,O’1)
• Confirm two-pion interactions from vector operators suppressed by electron mass through 

NNLO (Prezeau, Ramsey-Musolf, Vogel)

4 “vector” quark 
operators

7 “scalar” quark 
operators

LR symmetric theory

RPV-inspired theory



Effective chiral field theory analysis of BSM contributions to 
neutrinoless double beta decay: two pion matrix elements

V. Cirigliano, W. Dekens, MG, E. Mereghetti, 1701.01443, PLB 2017 
Figure 1: Feynman diagrams representing the insertion of dimension-9 operators of Eq. (1) –
denoted by a black square – at the hadronic level. In this paper we study the ⇡� ! ⇡+ee vertex
appearing in the leftmost diagram, which is enhanced in the chiral power counting.

number of dimension-9 operators [16, 17,25]
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where O
i

and Oµ

j

denote scalar and vector four-quark operators, respectively. In this letter we
focus on the scalar operators and in order to discuss their properties under the chiral SU(3)
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5

)q, ↵, � denote color indices, and ⌧+ = T 1 + iT 2 in
terms of the SU(3) generators T a. Three additional operators O0
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by the interchange L $ R everywhere. Parity invariance of QCD implies h⇡+|O0
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exploited in Ref. [19] to relate the matrix element of h⇡+|O
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Figure 1: Feynman diagrams representing the insertion of dimension-9 operators of Eq. (1) –
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ēec + c0
i,S

ē�
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Figure 2: Feynman diagrams contributing to the NLO corrections toM⇡⇡ andMK ¯K . Solid lines
represent ⇡,K, ⌘. The black squares represent an insertion of the lowest-order chiral Lagrangian
(see Eq. (3)), while the open square represents an insertion from the NLO e↵ective Lagrangian.

symmetry relation is valid only to leading order in the chiral expansion, and is expected to
receive O(30%) corrections. To make our analysis more robust, we also estimate the size of
next-to-leading order (NLO) quark-mass corrections by computing the leading chiral loops.

Determination of h⇡+|O2,3,4,5|⇡�i – The argument proceeds as follows. O
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can be written as linear combinations of operators transforming according to the 6L ⇥ 6̄R and
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where the trace is over flavor and U is the usual matrix of pseudo-Nambu-Goldstone boson fields
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is the pseudoscalar decay constant in the chiral limit (in our normalization F⇡ '
92.4 MeV). The non-perturbative dynamics is encoded in the low-energy constants g

6⇥¯

6

, g
8⇥8

,
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same representations, however, contain �S = 2 operators that contribute to K0-K̄0 mixing in
extensions of the Standard Model (T a = T b ! T 6� iT 7 in Eq. (3)). The relevant K0-K̄0 matrix
elements have been computed in lattice QCD, thus providing the couplings g
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to
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NLO chiral corrections arising from the one-loop diagrams of Fig. 2 and O(p2) counterterms
could alter the above relation (see for example Refs. [28] and [29] for the analogous discussion
of K0-K̄0 mixing and K± ! ⇡±⇡0 amplitudes in the Standard Model). For the relations of
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To identify the finite parts of the loops we have followed the modified MS scheme commonly
used chiral perturbation theory [30, 31]. Moreover, �K
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with counterterm contributions analogous to the ones in Eq. (8). The loop corrections to
MK ¯K

8⇥8,6⇥¯

6

have been calculated in Ref. [33] and we agree with them. Eqs. (6)-(10) lead to

the central result of our work, namely a relation between M⇡⇡ and MK ¯K valid to NLO in the
chiral expansion
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Quark masses (pion masses) break chiral symmetry. So previous relations modified at NLO. We 
did a loop computation to estimate the size of that splitting.

Figure 2: Feynman diagrams contributing to the NLO corrections toM⇡⇡ andMK ¯K . Solid lines
represent ⇡,K, ⌘. The black squares represent an insertion of the lowest-order chiral Lagrangian
(see Eq. (3)), while the open square represents an insertion from the NLO e↵ective Lagrangian.

symmetry relation is valid only to leading order in the chiral expansion, and is expected to
receive O(30%) corrections. To make our analysis more robust, we also estimate the size of
next-to-leading order (NLO) quark-mass corrections by computing the leading chiral loops.

Determination of h⇡+|O2,3,4,5|⇡�i – The argument proceeds as follows. O
2,3 and O

4,5

can be written as linear combinations of operators transforming according to the 6L ⇥ 6̄R and
8L⇥8R representations of the chiral group, respectively. These operators in turn admit a unique
hadronic realization to leading order in the chiral expansion
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where the trace is over flavor and U is the usual matrix of pseudo-Nambu-Goldstone boson fields
transforming as U ! UL U U †

R under SU(3)L ⇥ SU(3)R,
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and F
0

is the pseudoscalar decay constant in the chiral limit (in our normalization F⇡ '
92.4 MeV). The non-perturbative dynamics is encoded in the low-energy constants g

6⇥¯

6

, g
8⇥8

,
and for each representation there are two independent constants, corresponding to di↵erent color
contractions (e.g. O

2

and O
3

).
The operators in Eqs. (2) are obtained by setting T a = T b ! T 1 + iT 2 in Eq. (3). The

same representations, however, contain �S = 2 operators that contribute to K0-K̄0 mixing in
extensions of the Standard Model (T a = T b ! T 6� iT 7 in Eq. (3)). The relevant K0-K̄0 matrix
elements have been computed in lattice QCD, thus providing the couplings g

6⇥¯

6

and g
8⇥8

to
leading order in the chiral SU(3) expansion. Note that the g

8⇥8

couplings can be independently
extracted through their contributions to K0 ! (⇡⇡)I=2

amplitudes via the �S = 1 electroweak
penguin operators, that transform as 8L ⇥ 8R.

We first focus on the relation to K0-K̄0 mixing. A straightforward calculation based on the
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• Counter-terms from NLO local operators have the form (V. Cirigliano, E. Golowich, 2000)  
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• Low-energy coefficients {a} could be extracted (in principle) from K-Kbar mixing computed 
   using lattice QCD at different values for the quark masses

• We agree with loop corrections to K-Kbar (Becirevic, Villadoro, 2004)  
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Estimating central value and uncertainty

• For central value for Δ’s, set renormalization scale to rho mass and counter-terms =0

• Adopted two prescriptions for estimating the error due to unknown �KK̄
8⇥8 , �

⇡⇡
8⇥8

• Naive-dimensional analysis : |a8⇥8,6⇥6̄| ⇠ O(1)

gives �8⇥8 = 0.02(20), �6⇥6̄ = 0.07(20)

Figure 2: Feynman diagrams contributing to the NLO corrections toM⇡⇡ andMK ¯K . Solid lines
represent ⇡,K, ⌘. The black squares represent an insertion of the lowest-order chiral Lagrangian
(see Eq. (3)), while the open square represents an insertion from the NLO e↵ective Lagrangian.

symmetry relation is valid only to leading order in the chiral expansion, and is expected to
receive O(30%) corrections. To make our analysis more robust, we also estimate the size of
next-to-leading order (NLO) quark-mass corrections by computing the leading chiral loops.

Determination of h⇡+|O2,3,4,5|⇡�i – The argument proceeds as follows. O
2,3 and O

4,5

can be written as linear combinations of operators transforming according to the 6L ⇥ 6̄R and
8L⇥8R representations of the chiral group, respectively. These operators in turn admit a unique
hadronic realization to leading order in the chiral expansion
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where the trace is over flavor and U is the usual matrix of pseudo-Nambu-Goldstone boson fields
transforming as U ! UL U U †
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and F
0

is the pseudoscalar decay constant in the chiral limit (in our normalization F⇡ '
92.4 MeV). The non-perturbative dynamics is encoded in the low-energy constants g

6⇥¯
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8⇥8

,
and for each representation there are two independent constants, corresponding to di↵erent color
contractions (e.g. O

2

and O
3

).
The operators in Eqs. (2) are obtained by setting T a = T b ! T 1 + iT 2 in Eq. (3). The

same representations, however, contain �S = 2 operators that contribute to K0-K̄0 mixing in
extensions of the Standard Model (T a = T b ! T 6� iT 7 in Eq. (3)). The relevant K0-K̄0 matrix
elements have been computed in lattice QCD, thus providing the couplings g

6⇥¯
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and g
8⇥8

to
leading order in the chiral SU(3) expansion. Note that the g

8⇥8

couplings can be independently
extracted through their contributions to K0 ! (⇡⇡)I=2

amplitudes via the �S = 1 electroweak
penguin operators, that transform as 8L ⇥ 8R.

We first focus on the relation to K0-K̄0 mixing. A straightforward calculation based on the
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• O(1) change in (log) renormalization scale (Manohar ’96):
�

(ct)

n = ±|d�(loops)

n /d(log µ�)|

gives �8⇥8 = 0.02(36), �6⇥6̄ = 0.07(16)

• For final analysis, chose �8⇥8 = 0.02(30) , �6⇥6̄ = 0.07(20)

• This choice gives 
R8⇥8 = 0.72(21) (⇠ 30% uncertainty)

R6⇥6̄ = 0.76(14) (⇠ 20% uncertainty)



h⇡+|O
1

|⇡�i = (1.0± 0.1± 0.2)⇥ 10�4 GeV4

h⇡+|O
2

|⇡�i = �(2.7± 0.3± 0.5)⇥ 10�2 GeV4

h⇡+|O
3

|⇡�i = (0.9± 0.1± 0.2)⇥ 10�2 GeV4

h⇡+|O
4

|⇡�i = �(2.6± 0.8± 0.8)⇥ 10�2 GeV4

h⇡+|O
5

|⇡�i = �(11± 2± 3)⇥ 10�2 GeV4

Table 1: Pionic matrix elements of the operators in Eqs. (2) in the MS scheme at the scale µ = 3 GeV.
The first uncertainty refers to the lattice QCD input on kaon matrix elements. The second uncertainty
is associated to the size of partially known NLO chiral corrections (only loops are taken into account)
and possible higher order e↵ects. See text for discussion.

uncertainty due to the quark masses is non negligible, but subdominant compared to the e↵ect
of NLO chiral corrections. We summarize our current best estimates for the matrix elements and
their uncertainties in Table 1. The fractional uncertainty is at the 20% level for h⇡+|O

2,3|⇡�i
(dominated by chiral corrections), at the 35% for h⇡+|O

5

|⇡�i (dominated by chiral corrections),
and at the 40% level for h⇡+|O

4

|⇡�i (equally shared by chiral correction and lattice QCD input).
The e↵ective coupling g

8⇥8

can also be extracted from the electroweak penguin matrix ele-
ments h(⇡⇡)I=2

|Q
7,8|K0i [37,38]. This extraction was recently updated in Ref. [39] to LO in the

chiral expansion (in [39] the notation g
(i)
8⇥8

! �AiLR was used). Using the value of g
8⇥8

from
Ref. [39] in Eq. (7) and neglecting chiral corrections leads to h⇡+|O

4

|⇡�i = �1.9 ⇥ 10�2 GeV4

and h⇡+|O
5

|⇡�i = �8.5 ⇥ 10�2 GeV4, in reasonable agreement with the estimate of these ma-
trix elements based on K0-K̄0 mixing given in Eq. (14) and Table 1. NLO chiral e↵ects in
K0 ! (⇡⇡)I=2

change the extracted low-energy constant as follows, g
8⇥8

! g
8⇥8

/(1+�
2

), with
�

2

= �0.30 ± 0.20 [40], where the central value stems from chiral loop and known countert-
erms, while the error encompasses an estimate of the unknown counterterms. Taking this into
account and keeping the chiral logs in Eq. (7) leads to h⇡+|O

4

|⇡�i = �2.7 ⇥ 10�2 GeV4 and
h⇡+|O

5

|⇡�i = �12.7⇥ 10�2 GeV4, in excellent agreement with the results of Table 1.
Determination of h⇡+|O1|⇡�i – For completeness, we also update the analysis of Ref. [19].

First, note that O
1

belongs to the 27L ⇥ 1R representation of SU(3)L ⇥ SU(3)R, along with
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with Lµ
ij = i(U †@µU)ij . The factor of 4 multiplying O

1

in (15) accounts for the di↵erent

3 Explicitly the projection reads Q
(27⇥1)
2 = 2/5 [s̄�µ(1 � �5)u ū�µ(1 � �5)d + s̄�µ(1 � �5)d ū�

µ(1 � �5)u)] �
1/5 [s̄�µ(1� �5)d d̄�

µ(1� �5)d+ s̄�µ(1� �5)d s̄�
µ(1� �5)s].

6

Relate our operators to those defined by FLAG (Aoki et.al, 1607.00299)

average central values for Nf=2+1 and Nf=2+1+1

results for B2, B4 and B5 from SWME [45, 401, 416], obtained using staggered quarks and
employing perturbative matching differ significantly from those quoted by the ETM [42, 46]
and RBC/UKQCD [411] Collaborations, which both determine the matching factors nonper-
turbatively. A recent update of the RBC/UKQCD calculation described in Ref. [418] provides
a hint that the nonperturbative determination of the matching factors depends strongly on
the details in the implementation of the Rome-Southampton method. The use of nonex-
ceptional momentum configurations in the calculation of the vertex functions produces a
significant modification of the renormalization factors, which in turn brings the results from
RBC/UKQCD much closer to the estimates from SWME.

Therefore, insufficient control over the renormalization and matching procedure appears
to be the most likely explanation for the observed deviations. In the absence of further
investigations that corroborate this conjecture, it is difficult to quote global estimates for the
BSM B parameters B2, . . . , B5. However, we observe that for each choice of Nf there is only
one set of results that meets the required quality criteria, i.e. ETM15 [42] for Nf = 2+1+1,
SWME15A [45] for Nf = 2 + 1, and ETM12D [46] for two-flavour QCD.

Figure 16: Lattice results for the BSM B parameters defined in the MS scheme at a reference
scale of 3GeV, see Tab. 27.
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h⇡+|O5|⇡�i = �B4 K ⇥R8⇥8

LQCD input: B2, B3: O(10%) error

 B4, B5: O(20%) error

Fractional error: 

O2, O3:  O(20%) error

O5 :       O(40%) error

O4 :       O(35%) error
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• for ΔS=1 part, loops are small, and counter terms found to also be small at 
   large Nc because of factorization of Q2 into product of currents 
   (Cirigliano, Ecker, Neufeld, Pich, 2004) 

• lattice QCD computation of K-> pi pi O(10%) error (Blum et. al. 2015)

--> g27 =0.34(3)LQCD(2)chiPT

• with 20% error in           gives our estimate for O1 :�⇡⇡27⇥1

h⇡+|O1|⇡�i = (1.0± 0.1± 0.2)⇥ 10�4 GeV4

• As expected from general considerations, this matrix element is 
  suppressed compared to other ΔL=2 two pion matrix elements

• Chiral loops and counter terms again give:



Comments on validity of chiral SU(3)

general comment: semi-leptonic K decay form factors agree 
well between lattice QCD and chiral SU(3), but need to check 
each example 

• loop factors small in our case O(30%)

• Our results for g_{8x8} using K-> pi pi decay instead of K-
Kbar in reasonable agreement with method using K-Kbar

• Our value for g_{27} extracted using K-Kbar and K->pi pi 
agree in reasonable agreement 



Summary

progress on these interactions from 
LQCD and chiral PT 

progress on these interactions from 
LQCD just beginning 

g
27⇥1

0.38± 0.08 [33] gA 1.272± 0.002 [34]
g
8⇥8

�(3.1± 1.3) GeV2 [33] gS 0.97± 0.13 [35]
gmix

8⇥8

�(11± 4) GeV2 [33] gT 0.99± 0.06 [35]

Table 2: Hadronic input for the LECs gS , gT , g27⇥1

, g
8⇥8

and gmix

8⇥8

, at the scale µ = 2 GeV.

4.3 Short-range mesonic sector

In addition, the dimension-nine operators give rise to contributions that do not involve the
exchange of a neutrino. In this case, the higher-dimensional operators induce interactions that
convert two pions (⇡�) into two electrons. Following Ref. [33] we write the chiral representations
of these interactions as,
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ēLCētL
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+ . . . , (18)

where Lµ
ij = i

�

U@µU †�
ij

and the dots stand for terms involving more than two pions. By

dimensional analysis the low-energy constants g(mix)

8⇥8

scale as O(⇤2

�), while g
27⇥1

= O(1). We
follow the notation of Ref. [33], in which these three low-energy constants were estimated using
SU(3)-�PT relations and lattice-QCD calculations. The values of the LECs we use are given in
Table 2, and are in reasonable agreement with dimensional analysis.

4.4 Long-range nucleon sector

The LO nucleon Lagrangian responsible for long-range neutrino exchange is given by

L(1)

⇡N = iN̄v · DN + gAN̄S · uN + c
5

N̄ �̂
+

Ns� 2gT ✏µ⌫↵�v
↵ N̄S�(u†tµ⌫R u†)N , (19)

where vµ and Sµ are the nucleon velocity and spin, vµ = (1,0) and Sµ = (0,�/2) in the nucleon
rest frame, and �̂ = �� Tr(�)/2. We have applied the heavy-baryon framework to remove the
nucleon mass from the LO Lagrangian [36]. The values of the couplings gA and gT are given
in Table 2. The LEC c

5

is related to the strong proton-neutron mass splitting and we give its
value below. The chiral covariant derivative is defined as DµN = (@µ + �µ)N , where

�µ =
1

2

h

u† (@µ � ilµ)u+ u (@µ � irµ)u
†
i

,

uµ = �i
h

u† (@µ � ilµ)u� u (@µ � irµ)u
†
i

,

�± = u†�u† ± u�†u . (20)

The first two terms in Eq. (19) involve contributions from the vector operators, C(6,7)
VL(VR)

, while

the last two terms involve contributions from the scalar couplings, C(6)

SL(SR)

. The interaction in

the second line is generated by the tensor interaction, C(6)

T

. Eq. (19) turns out to capture the

dominant contributions from C(6)

SL(SR)

and C(7)

VL(VR)

. However, for both the dimension-six vector

9

two pion matrix element results 
consistent with chiral PT 
expectations and naive dimensional 
analysis



New dimension-9 ΔL=2 LNV physics potentially 
accessibly at LHC or future hadron collider

Complementarity between 0nubb and hadron colliders
 
(see Michael Ramsey-Musolf ’s talk)

But is this generic? 

Not necessarily.....



Class 1  2H4 Class 5  4D

OLH ✏ij✏mn(LT
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i C�
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Table 1: Basis of �L = 2 baryon-number-conserving dimension-seven operators derived in
Ref. [20].

In this paper we systematically study the constraints on SUL(2)⇥UY (1)-invariant dimension-
seven operators from 0⌫�� . After defining the operator basis in Sec. 2, in Sec. 3 we integrate out
heavy SM degrees of freedom, such as the Higgs and the W boson, and match into a low-energy
�L = 2 Lagrangian that only contains leptons and light quarks, suitable for the descriptions
of low-energy processes such as double-beta decay. Such Lagrangian contains the neutrino
Majorana mass and transition magnetic moments, dimension-six and seven semileptonic four-
fermion operators, which give rise to non-standard �L = 2 single beta decay, and to long-range
contribution to 0⌫�� not proportional to the neutrino mass, and dimension-nine six-fermion
operators, with four quarks and two electrons, that induce new short-range contributions to
0⌫��. In Sec. 4 we match the quark-level �L = 2 Lagrangian onto Chiral Perturbation Theory
(�PT), the low-energy EFT of pions and nucleons, and we will discuss the hadronic input needed
to constrain dimension-seven operators. In Sec. 5 we derive the neutrino potentials in �PT, and
discuss di↵erences with the existing literature. In Sec. 6 we give the formula for the half-life, in
the presence of dimension-seven operators, and in Sec. 7 we derive bounds.

2 Dimension 7 operators

The complete list of dimension-seven �L = 2 operators, invariant under the gauge group of
the Standard Model, was built in Ref. [20], and it is summarized in Table 1. A subset of the
operators was published in Ref. [24], and a few redundancies were eliminated in Ref. [25]. At
the scale of new physics, ⇤, we have the following �L = 2 Lagrangian,

L(�L=2) =
X

i

CiOi v3Ci = O
✓

v3

⇤3

◆

, (1)

where i runs over the labels of the operators defined in Table 1. In Table 1, L and Q denote
the left-handed quark and lepton doublets, L = (⌫L, eL)T , Q = (uL, dL)T , while uR and dR are
right-handed quarks, singlet under SUR(2). H denote the scalar doublet

H =
vp
2
U(x)

✓

0

1 + h(x)
v

◆

(2)

3

Dimension 7 ΔL=2 
LNV operators

Lehman ’14
V. Cirigliano, W. Dekens, J. de Vries, MG, E. Mereghetti, 
(1707/08.zzzz) Preliminary!

12 independent operators
• special cases: i) class 1 modifies Weinberg operator scale > 1200 TeV
                      ii) purely leptonic operators contribute to neutrino mass   
                         (at one-loop) and neutrino magnetic moment (at tree- 
                         level) 
• operators involving quarks contribute to 0nubb  



Dimension 7 operators

e
-

e
-

e
-

n

"ij"mn LT
i C(DµL)j Hm(DµH)n

n

e
-

"ij"mn LT
i C�µe HjHm(DµH)n

• 12 dim. 7 �L = 2 operators L. Lehman ‘14

Ci = O
✓

v3

⇤3

◆

• W couplings & semileptonic 4-fermion with the ‘wrong’ neutrino
• WWe�e� couplings

Dimension 7 operators

e
-

e
-

e
-

n

d

u

"ij d̄�µu LT
i C(DµL)j

d

u

e
-

n

"ij"mnd̄Li QT
j CLm Hn

• 12 dim. 7 �L = 2 operators L. Lehman ‘14

Ci = O
✓

v3

⇤3

◆

• W couplings & semileptonic 4-fermion with the ‘wrong’ neutrino
• WWe�e� couplings

Dimension 7 ΔL=2 
LNV operators

Connection to models

n
R

n
R

n
R

W
R

W
R

W
R

d

u

e
-

n

n

n

e
-

e
-

• specific models will match onto one or several operators
• e.g. LR symmetric model

dim. 5, 7 & 9 (with different Yukawas)

can match any model to EFT

Sample dimension -5,-7,-9 ΔL=2 LNV operators

Nice figures from E. Mereghetti, 
INT seminar 2017



Dimension 7 ΔL=2 LNV operators:
neutrino masses, neutrino magnetic moment

• purely leptonic operators contribute to neutrino mass (one-loop) 
  (“bound” by requiring new contribution to neutrino mass < 1 eV)
(only those more constraining than 0nubb shown)

• neutrino magnetic moment (at tree-level) 
  constrained by solar neutrino experiments (Borexino) 
  (Canas, Miranda, Parada, Tortola, Valle, ‘16)

|CLHB � CLHW | . 1

4mev2
10�10 ! ⇤ > 11TeV .

C(1)
LHD : ⇤ > 280TeV, C(2)

LHD : ⇤ > 350TeV,

CLHW : ⇤ > 460TeV



Dimension 7 ΔL=2 LNV quark operators:
QCD running to Electroweak scale 

• running either trivial (operators with no quarks, or those with 
   vector or axial currents) or given scalar or tensor:  

d

d lnµ
CLLQ̄uH = �6CF

↵s

4⇡
CLLQ̄uH ,

d

d lnµ
C(1,2),ij

S = �6CF
↵s

4⇡
C(1,2),ij

S

d

d lnµ
C(1,2),ij

T = 2CF
↵s

4⇡
C(1,2),ij

T ,

O(1,2)
LLQd̄H

combination of scalar and tensor 

OLLQ̄uH scalar 



Dimension 7 ΔL=2 LNV operators:
Integrate out W, H at electroweak scale, generate dim-6, -7, -9 
operators 

L�L=2 = �1

2
(m⌫)ij⌫

t
L, i C⌫L, j + µij ⌫

t j C�µ⌫⌫i eFµ⌫ + L(6)
�L=2 + L(7)

�L=2 + L(9)
�L=2.

L(6)
�L=2 =

2GFp
2

(
C(6)

VL,ij ūL�
µdL ēR,i �µ C⌫̄tL,j + C(6)

VR,ij ūR�
µdR ēR,i �µ C⌫̄tL,j

+C(6)
SR,ij ūLdR ēL,i C⌫̄tL,j + C(6)

SL,ij ūRdL ēL,i C⌫̄tL,j + C(6)
T,ij ūL�

µ⌫dR ēL,i�µ⌫ C⌫̄tL,j

)
+ h.c.

L(7)
�L=2 =

2GFp
2v

(
C(7)

VL,ij ūL�
µdL ēL,i C i

 !
@ µ⌫̄

t
L,j + C(7)

VR,ij ūR�
µdR ēL,i Ci

 !
@ µ⌫̄

t
L,j

)
+ h.c.

L(9)
�L=2 =

ēL,iCētL,j

v5

⇢
C(9)

1,ij ūL�
µdL ūL�µdL + C(9)

4,ij ūL�
µdL ūR�µdR + C(9)

5,ij ū
↵
L�

µd�L ū�
R�µd

↵
R

�

ld
ld

sd



Dimension 7 ΔL=2 LNV operators:
QCD running below electroweak scale 

d

d lnµ
C(6)

SL (SR) = �6CF
↵s

4⇡
C(6)

SL (SR) ,
d

d lnµ
C(6)

T = 2CF
↵s

4⇡
C(6)

T .

d

d lnµ
C(9)

1 = 6

✓
1� 1

Nc

◆
↵s

4⇡
C(9)

1 ,

d

d lnµ

 
C(9)

4

C(9)
5

!
=

↵s

4⇡

✓
6/Nc 0
�6 �12CF

◆ 
C(9)

4

C(9)
5

!



Dimension 7 ΔL=2 LNV operators
Long-distance contributions : single nucleon couplings 
use SU(2) chiral EFT and external source method 

(a) (b)

(d)(c)

long-distance 0nubb = top row ^2 (SM) 
                                 + top row * bottom row

e
⌫ SM

dim-6, dim-7



Dimension 7 ΔL=2 LNV operators:
Long-distance and short-distance contributions   

total 0nubb contribution = SM 
+ long-distance neutrino (middle) + short distance (right)

LD: 1 unknown LEC: SD: 2 unknown LECs:
g⇡N27⇥1, gNN

27⇥1 ⇠ O(1)g0T ⇠ O(1)

g
27⇥1

0.38± 0.08 [33] gA 1.272± 0.002 [34]
g
8⇥8

�(3.1± 1.3) GeV2 [33] gS 0.97± 0.13 [35]
gmix

8⇥8

�(11± 4) GeV2 [33] gT 0.99± 0.06 [35]

Table 2: Hadronic input for the LECs gS , gT , g27⇥1

, g
8⇥8

and gmix

8⇥8

, at the scale µ = 2 GeV.

4.3 Short-range mesonic sector

In addition, the dimension-nine operators give rise to contributions that do not involve the
exchange of a neutrino. In this case, the higher-dimensional operators induce interactions that
convert two pions (⇡�) into two electrons. Following Ref. [33] we write the chiral representations
of these interactions as,

L(9)

⇡ =
F 4

0

4



⇣

g
8⇥8

C(9)

4

+ gmix

8⇥8

C(9)

5

⌘

Tr
h

U⌧+U †⌧+
i

+
5

3
g
27⇥1

C(9)

1

Lµ
21

L
21µ

�

ēLCētL
v5

=
F 2

0

2



⇣

C(9)

4

g
8⇥8

+ C(9)

5

gmix

8⇥8

⌘

⇡�⇡� � 5

3
C(9)

1

g
27⇥1

@µ⇡
�@µ⇡�

�

ēLCētL
v5

+ . . . , (18)

where Lµ
ij = i

�

U@µU †�
ij

and the dots stand for terms involving more than two pions. By

dimensional analysis the low-energy constants g(mix)

8⇥8

scale as O(⇤2

�), while g
27⇥1

= O(1). We
follow the notation of Ref. [33], in which these three low-energy constants were estimated using
SU(3)-�PT relations and lattice-QCD calculations. The values of the LECs we use are given in
Table 2, and are in reasonable agreement with dimensional analysis.

4.4 Long-range nucleon sector

The LO nucleon Lagrangian responsible for long-range neutrino exchange is given by

L(1)

⇡N = iN̄v · DN + gAN̄S · uN + c
5

N̄ �̂
+

Ns� 2gT ✏µ⌫↵�v
↵ N̄S�(u†tµ⌫R u†)N , (19)

where vµ and Sµ are the nucleon velocity and spin, vµ = (1,0) and Sµ = (0,�/2) in the nucleon
rest frame, and �̂ = �� Tr(�)/2. We have applied the heavy-baryon framework to remove the
nucleon mass from the LO Lagrangian [36]. The values of the couplings gA and gT are given
in Table 2. The LEC c

5

is related to the strong proton-neutron mass splitting and we give its
value below. The chiral covariant derivative is defined as DµN = (@µ + �µ)N , where

�µ =
1

2

h

u† (@µ � ilµ)u+ u (@µ � irµ)u
†
i

,

uµ = �i
h

u† (@µ � ilµ)u� u (@µ � irµ)u
†
i

,

�± = u†�u† ± u�†u . (20)

The first two terms in Eq. (19) involve contributions from the vector operators, C(6,7)
VL(VR)

, while

the last two terms involve contributions from the scalar couplings, C(6)

SL(SR)

. The interaction in

the second line is generated by the tensor interaction, C(6)

T

. Eq. (19) turns out to capture the

dominant contributions from C(6)

SL(SR)

and C(7)

VL(VR)

. However, for both the dimension-six vector

9

“known” LEC inputs (right)
+ some NLO ops fixed by 
reparameterization invariance 



Dimension 7 ΔL=2 LNV operators:
Matrix elements and general formula     

Fortunately, 15 matrix elements 
needed for computing rate have 
been computed by several groups, 
using different methods 

Muto, Bender and Klapdor, 1989 
Barea and Iachello, 2009 
Hyvarinen and Suhonen, 2015
Horoi and Neacsu, 2016, 2017

where the tensor in position space is defined by, S(12)(r̂) =
�

3�(1) · r̂�(2) · r̂� �(1) · �(2)

�

. In the
�PT power counting, the matrix elements defined in Eq. (41) are all expected to be O(1), with
the exception of MMM

GT and MMM
T , which are suppressed by O(m2

⇡/⇤
2

�). The latter suppression,
however, is softened by the large isovector magnetic moment of the nucleon which numerically
scales as (1 + 

1

)(m⇡/mN ) ' O(1).
Organizing the amplitude in Eq. (39) according to the di↵erent leptonic structures, we write
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Cūt(k
2

)
E

1

� E
2

me
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Here we factored out the leptonic structures such that the Mi only depend on nuclear (and
hadronic) matrix elements and the Wilson coe�cients of the LNV operators. These are discussed
in much more detail below.

With the definitions in Eq. (42), the final form of the inverse half-life can be written as
⇣
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where the G
0i are phase space factors given by,

G
0k =

1

ln 2

G4
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Here ✓ is the angle between the electron momenta and we followed the normalization of [17].
The b

0k factors are obtained from the electron traces that result from taking the square of Eq.
(42). They are given by
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Here we kept terms proportional to k
1

·k
2

, which are odd in cos ✓ are therefore do not contribute
to the total decay rate, but can potentially be observed in measurements of angular distributions.
The definitions in Eq. (45) follow for the most part the existing literature [17]. For G

06

and
G

09

, in order not to cloud the chiral scaling of the matrix element, we did not extract a factor
of (RAme)�1 from MM , as commonly done in the literature [17]. The phase space factors G

06

and G
09

defined in Eqs. (44) and (45) are obtained by multiplying the results in Ref. [17]
by (meRA)/2 and (meRA/2)2, respectively. In addition, we removed a factor of 2/9 from the
definition of G

04

in order to avoid small dimensionless factors.
The phase space factors are summarized in Table 3. These are extracted from the calculation

of Ref. [17], with the trivial rescalings discussed above. update this once we have decided on
what phase space factors to use. With the definitions of Eq. (45), the di↵erent phase space
factors are all of similar size, with no parametric enhancements or suppressions, such that the
relative importance of di↵erent contributions is determined by the matching coe�cients and by
the nuclear matrix elements.

18

where the tensor in position space is defined by, S(12)(r̂) =
�

3�(1) · r̂�(2) · r̂� �(1) · �(2)

�

. In the
�PT power counting, the matrix elements defined in Eq. (41) are all expected to be O(1), with
the exception of MMM

GT and MMM
T , which are suppressed by O(m2

⇡/⇤
2

�). The latter suppression,
however, is softened by the large isovector magnetic moment of the nucleon which numerically
scales as (1 + 

1

)(m⇡/mN ) ' O(1).
Organizing the amplitude in Eq. (39) according to the di↵erent leptonic structures, we write

M =
g2AG

2

Fme

⇡R



M
SM
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1

)�
0

�
5
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factors are all of similar size, with no parametric enhancements or suppressions, such that the
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Dimension 7 ΔL=2 LNV operators:
Bounds on operators from 0nubb experiments      

⇤ 76Ge 82Se 130Te 136Xe
m�� (eV) 0.19 1.4 0.49 0.1

⇤ (TeV)
C6

SL

210. 110. 150. 260.
C6

SR

210. 110. 150. 260.
C6

T 180. 92. 140. 240.
C6

VL

150. 74. 110. 190.
C6

VR

26. 15. 20. 34.
C7

VL

6.4 3.3 4.6 7.8
C7

VR

6.4 3.3 4.6 7.8
C9

1

14. 7.4 11. 19.
C9

4

41. 21. 31. 53.
C9

5

63. 32. 47. 81.

76Ge 82Se 130Te 136Xe
m�� (eV) 0.17 1.6 0.32 0.084

⇤ (TeV)
C6

SL

270. 130. 220. 350.
C6

SR

270. 130. 220. 350.
C6

T 220. 100. 180. 280.
C6

VL

180. 83. 150. 220.
C6

VR

33. 17. 28. 44.
C7

VL

8.1 3.8 6.8 11.
C7

VR

8.1 3.8 6.8 11.
C9

1

13. 5.9 12. 18.
C9

4

54. 26. 48. 69.
C9

5

84. 40. 73. 110.

Table 6: The table shows the limits on m�� and the dimension-six, -seven, and -nine couplings
from the GERDA [13], NEMO [9, 12], CUORE [7], and KamLAND-Zen [11] experiments, as-
suming Ci = v3/⇤3. Here we used the phase space factors employed in [56], and the left-hand
table uses the matrix elements of Ref. [44] , while the right-hand side uses those of [41].

7 Single-coupling constraints

Using Eq. (43) together with the phase-space factors of Table 3 and the NMEs in Table 5, we
obtain limits on the coe�cients of the �L = 2 operators. In Table 6 we show bounds on m��

and the dimension-six, -seven, and -nine operators of Eq. (9), which were derived using the
NMEs of Refs. [44] and [41] in the left and right panels, respectively.

In the case of m�� the limits are in agreement with e.g. Ref. [44]. For the non-standard
operators, Table 6 shows the constraints on the scale of new physics, ⇤, assuming that Ci = v3/⇤3

and only one coupling is turned on at a time. In addition, we assumed natural values for the
unknown LECs, g0T = g⇡N

27⇥1

= gNN
27⇥1

= 1. As expected from the discussion of the previous

section, the most stringent constraints arise in the case of C(6)

SL,SR, reaching scales of O(100TeV).

Although the power counting of Table 4 would predict limit on C(6)

T,V L to be weaker by ✏2/3� , the
actual constraints are somewhat stronger than expected due to the large isovector magnetic
moment. For most of the remaining couplings the limits closely follow what one would expect

from the power counting. For example, the limits on C(7)

V L,V R and C(6)

V R are weaker than the

limits on C(6)

SL,SR by factors of (⇤�

v ✏2�)
1/3 and ✏�, respectively, which agrees with Table 4.

Somewhat unexpected constraints arise for C(9)

1

. This coupling is more stringently constrained

than C(7)

V L,V R, while power counting predicts them to give similar contributions. Furthermore
the limits depend relatively strong on the applied NMEs. I do not see this from the numbers
in Table 6, it seems the limits on C9

1

are almost the same in the left and right table. These

issues seem worrisome, but can be explained by accidental cancellations. The limit on C(7)

V L,V R is

weaker because the NMEs in MPS partially cancel. The large variations of the C(9)

1

constraints

occur because the di↵erent contributions of C(9)

1

in Msd, 2 all add coherently when using the
NMEs of Ref. [44], while there is a partial cancellation when using those of Ref. [41]. However,
this can change if we would use a value for the unknown LECs di↵erent from g⇡N,NN

27⇥1

= 1. Thus,

25

Bounds on: 

effective dim-6, dim-7, 
dim-9 couplings (right)

* bounds weaker or 
stronger depending on 
whether contribution is 
chirally suppressed or 
enhanced by large 
magnetic moment 

SM C(6)

SL, SR C(6)

T

C(6)

VL

C(6)

VR

C(7)

VL,VR

C(9)

1

C(9)

4,5

meMSM

m�� ⇤� ⇤�✏2� � � ⇤

2
�

v ✏2�
⇤

2
�

v ✏2�
⇤

2
�

v

meMM � � � ⇤�✏2� � � � �
meME � � � ⇤�✏3� ⇤�✏3� � � �
meMme � � � ⇤�✏3� ⇤�✏3� � � �

Table 4: Power-counting estimates of the contribution of low-energy dimension-six, -seven and
-nine operators to the matrix elements in Eq. (42). Here ✏� ⌘ m⇡/⇤�, where ⇤� ⇠ mN ⇠ 1
GeV is the symmetry-breaking scale. For the power counting, we consider the electron energies
and mass to be small, E

1

⇠ E
2

⇠ me ⇠ ⇤� ✏3�.

6.2 Chiral power counting

With these definitions we have introduced ten combinations of nuclear matrix elements that
determine the 0⌫�� rate at LO in �PT arising from dimension-5 and -7 operators in the SM
EFT. The combination of matrix elements MSM , MPS , Msd,{1,2}, ME,{L,R}, Mme,{L,R} are all
expected to be O(1), while MM , MT6

scale as O(m2

⇡/⇤
2

�) but are enhanced by a factor of gM .
Not all matrix elements contribute equally to the decay rate because of factors of mN/me and
m2

⇡/m
2

N that appear in the definitions of the amplitudes Mi in Eqs. (48), (54), and (55).
The power-counting estimates of the amplitudes are summarized in Table 4, where we intro-

duced the power-counting parameter ✏� ⌘ m⇡/⇤�, and, as discussed in Sec. 5, the smallness of
the electrons masses and energies is accounted for in the power counting by assigning the scaling

E
1

⇠ E
2

⇠ me ⇠ ⇤� ✏3�. The power counting suggests that C(6)

SL, SR give the largest contribution
to the inverse half-life, and thus are the most constrained from 0⌫�� experiments. This expec-

tation is verified in Sect. 7. C(6)

T

and C(6)

VL

give contributions of similar size, suppressed by two
powers of ✏�. In both cases, the large nucleon isovector magnetic moment enhances the matrix

elements leading to somewhat stronger bounds than expected. C(6)

VL

induces contributions to
ME and Mme, which arise at O(✏3�), and thus can be neglected compared to MM . This ex-
pectation is very well confirmed when using realistic values of the nuclear matrix elements. In

the case of C(6)

VR

, there is no contribution to MM , and thus the first correction to the half-life
is of O(✏3�). As a consequence, the bound on this coe�cient, which is particularly interesting
for left-right symmetric models, is weaker than for the remaining dimension-six operators as is
explicitly found in Sect. 7.

Dimension-seven and -nine operators are further suppressed due to inverse powers of the

electroweak scale. Contributions from C(9)

4,5 are suppressed by ⇤�/v, while contributions from

C(9)

1

and the dimension-seven operators C(7)

V L,V R by ⇤�✏2�/v.
Having discussed the �PT power-counting expectations, in our analysis we use the nuclear

matrix elements computed in Refs. [44, 47, 52, 58] obtained with various many-body methods.
In Table 8 we show how to convert the nuclear matrix elements in the original references to the
notation of Eqs. (40) and (41). In Table 5 we list numerical values of the matrix elements.

A few comments are in order. First of all, the neutrino potentials derived in �PT are not
sensitive to the “closure energy” Ē, where Ē ⇠ 1 � 10 MeV is much smaller than the typical
Fermi momentum. The relations in Table 8 are valid in the limit Ē ! 0, which should be a
good approximation if the bulk of the nuclear matrix elements comes from the region r ⇠ 1/kF .
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Bounds more or less consistent with chiral expectations:



Dimension 7 ΔL=2 LNV operators:
Bounds on operators from 0nubb experiments      

⇤ 76Ge 82Se 130Te 136Xe
m�� (eV) 0.19 1.4 0.49 0.1

⇤ (TeV)
C6

SL

210. 110. 150. 260.
C6

SR

210. 110. 150. 260.
C6

T 180. 92. 140. 240.
C6

VL

150. 74. 110. 190.
C6

VR

26. 15. 20. 34.
C7

VL

6.4 3.3 4.6 7.8
C7

VR

6.4 3.3 4.6 7.8
C9

1

14. 7.4 11. 19.
C9

4

41. 21. 31. 53.
C9

5

63. 32. 47. 81.

76Ge 82Se 130Te 136Xe
m�� (eV) 0.17 1.6 0.32 0.084

⇤ (TeV)
C6

SL

270. 130. 220. 350.
C6

SR

270. 130. 220. 350.
C6

T 220. 100. 180. 280.
C6

VL

180. 83. 150. 220.
C6

VR

33. 17. 28. 44.
C7

VL

8.1 3.8 6.8 11.
C7

VR

8.1 3.8 6.8 11.
C9

1

13. 5.9 12. 18.
C9

4

54. 26. 48. 69.
C9

5

84. 40. 73. 110.

Table 6: The table shows the limits on m�� and the dimension-six, -seven, and -nine couplings
from the GERDA [13], NEMO [9, 12], CUORE [7], and KamLAND-Zen [11] experiments, as-
suming Ci = v3/⇤3. Here we used the phase space factors employed in [56], and the left-hand
table uses the matrix elements of Ref. [44] , while the right-hand side uses those of [41].

7 Single-coupling constraints

Using Eq. (43) together with the phase-space factors of Table 3 and the NMEs in Table 5, we
obtain limits on the coe�cients of the �L = 2 operators. In Table 6 we show bounds on m��

and the dimension-six, -seven, and -nine operators of Eq. (9), which were derived using the
NMEs of Refs. [44] and [41] in the left and right panels, respectively.

In the case of m�� the limits are in agreement with e.g. Ref. [44]. For the non-standard
operators, Table 6 shows the constraints on the scale of new physics, ⇤, assuming that Ci = v3/⇤3

and only one coupling is turned on at a time. In addition, we assumed natural values for the
unknown LECs, g0T = g⇡N

27⇥1

= gNN
27⇥1

= 1. As expected from the discussion of the previous

section, the most stringent constraints arise in the case of C(6)

SL,SR, reaching scales of O(100TeV).

Although the power counting of Table 4 would predict limit on C(6)

T,V L to be weaker by ✏2/3� , the
actual constraints are somewhat stronger than expected due to the large isovector magnetic
moment. For most of the remaining couplings the limits closely follow what one would expect

from the power counting. For example, the limits on C(7)

V L,V R and C(6)

V R are weaker than the

limits on C(6)

SL,SR by factors of (⇤�

v ✏2�)
1/3 and ✏�, respectively, which agrees with Table 4.

Somewhat unexpected constraints arise for C(9)

1

. This coupling is more stringently constrained

than C(7)

V L,V R, while power counting predicts them to give similar contributions. Furthermore
the limits depend relatively strong on the applied NMEs. I do not see this from the numbers
in Table 6, it seems the limits on C9

1

are almost the same in the left and right table. These

issues seem worrisome, but can be explained by accidental cancellations. The limit on C(7)

V L,V R is

weaker because the NMEs in MPS partially cancel. The large variations of the C(9)

1

constraints

occur because the di↵erent contributions of C(9)

1

in Msd, 2 all add coherently when using the
NMEs of Ref. [44], while there is a partial cancellation when using those of Ref. [41]. However,
this can change if we would use a value for the unknown LECs di↵erent from g⇡N,NN

27⇥1

= 1. Thus,
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⇤ 76Ge 82Se 130Te 136Xe

C(1)
LHD 17. 8.7 13. 22.

CLHDe 130. 65. 98. 160.

CLHW 27. 14. 21. 35.

C(1)
LLduD 70. 36. 53. 91.

C(1)
LLQdH 200. 100. 140. 250.

C(2)
LLQdH 93. 48. 72. 120.

CLLQuH 250. 130. 180. 300.

CLeudH 23. 14. 18. 30.

⇤ 76Ge 82Se 130Te 136Xe

C(1)S
LHD 15. 7.2 15. 22.

CLHDe 160. 73. 130. 200.

CLHW 24. 11. 23. 35.

C(1)S
LLduD 94. 44. 82. 120.

C(1)S
LLQdH 240. 110. 210. 320.

C(2)S
LLQdH 110. 53. 94. 150.

CLLQuH 310. 150. 260. 410.

CLeudH 29. 15. 25. 39.

Table 7: The table shows the limits on the scale of the dimension-seven couplings, from the
GERDA [13], NEMO [9,12], CUORE [7], and KamLAND-Zen [11] experiments, assuming Ci(µ =
⇤) = 1/⇤3. Here we used the phase space factors employed in [44] , and the left-hand table uses
the matrix elements of Ref. [44], while the right-hand side uses those of [41].

using di↵erent signs for the NMEs, MAP,PP
GT,sd , does this make sense? Why can we choose this

sign? or the LECs, g⇡N,NN
27⇥1

, can have a large impact making the limits on C(9)

1

rather uncertain.
In contrast, varying the sign of the only other unknown LEC, g0T , only leads to O(10%) e↵ects

in the limits on ⇤ for C(6)

T .
The relatively larger dependence of the choice of NMEs for the short-distance contributions

is not unexpected. The short-distance operators are, as the name implies, sensitive to short-
distance details of nuclear wave functions which are much more model dependent then long-range
aspects. Similar model dependencies have been found even in the structure of light nuclei.

Although the above constraints are useful to test the power counting, the fundamental�L = 2
operators of interest are the dimension-seven operators of Table 1. We present the limits on these
couplings in Table 7, where the left and right panels again employ the NMEs of [44] and [41],
respectively. The bounds on the scale of new physics is obtained by assuming a single coupling
is present at the high scale, and Ci(µ = ⇤) = 1/⇤3. The strongest limits are obtained in the case

of C(1)

LLQ ¯dH
and CLL ¯QuH , which is expected as these these operators mainly induce the stringently

constrained C(6)

SL,SR. Instead, the weakest limits are obtained in cases where only the low-energy

dimension-seven and -nine operators are induced. This is the case, for example, for C(1)

LHD and

CLHW , which both mainly contribute to C(7)

V L and C(9)

1

. It should be noted that, since these

operators induce C(9)

1

, the corresponding limits are again rather sensitive to the values of the

unknown LECs, g⇡N,NN
27⇥1

, and which calculation of the NMEs one uses. again I do not see this
from the figure, the two ’bars’ are the same it seems.

7.1 Other constraints

Although 0⌫�� leads to stringent constraints on the Ci couplings, reaching scales of O(100TeV),
it is interesting to see how this compares to other probes. This is particularly important for
couplings which do not induce 0⌫�� at tree level, for instance CLHB. We therefore briefly
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C(1)
LHD

CLHDe CLHW C(1)

LLd̄uD
C(1)

LLQd̄H
C(2)
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CLLQ̄uH CLeud̄H
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⇤
(T
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Horoi et al. [44] Hyvärinen et al. [41]

Figure 4: Constraints on the scale ⇤, Table 7 in pictures..

discuss limits that can be obtained from loop contributions to the neutrino mass, and bounds
from neutrino transition magnetic moments.

7.1.1 Neutrino mass

The operators in Table 1 can generate neutrino masses. The tree-level contribution is

(�m⌫)ij = �v

2
(v3CLH,ij) . (59)

The other Ci do no contribute at tree level, but can contribute to CLH through RG e↵ects
between µ = ⇤ and µ = mW . The complete neutrino mass is a combination of the contributions

of the dimension-seven operators and the Weinberg operator. In total we have m⌫ = m(0)

⌫ +�m⌫ ,

where m(0)

⌫ is the contribution from the Weinberg operator. Since m(0)

⌫ is unknown we can only
set constraints if we assume that the dimension-five and -seven contributions are not unnaturally
large compared to the total neutrino mass. That is we assume there is no large cancellation

between m(0)

⌫ and �m⌫ . To get an idea of these naturalness limits we will, somewhat arbitrarily,
impose |�m⌫ | . 1 eV.

From Eq. eq:nuMass, we can already estimate the constraint on CLH , assuming CLH(µ = ⇤) =
1/⇤3, we obtain ⇤ > 1200 TeV. For the remaining dimension-seven operators that contribute
at loop level we still require the evolution between µ = ⇤ and µ = mW . The relevant one-loop
RGE is given by,

dCLH
d lnµ

=
1

(4⇡)2



6g4 CLHW � 3

2
g4C(1)

LHD � 3

4
(3g4 + 2g2g0 2 + g0 4)C(2)

LHD + 3
p
2
me

v
g2 i CLHDe

+4
p
2NC

⇣md

v

⌘

3 C(1)

LLQ ¯dH
� 8

p
2NC

⇣mu

v

⌘

3 CLL ¯QuH + 8
p
2
⇣me

v

⌘

3 CLLēH
�

. (60)

The above expression allows us to obtain CLH(µ = mW ), which together with Eq. (59) and
|�m⌫ | . 1 eV, leads to the following constraints,

C(1)

LHD : ⇤ > 280TeV, C(2)

LHD : ⇤ > 350TeV,

CLHDe : ⇤ > 6TeV, CLHW : ⇤ > 460TeV, (61)

27

Bounds on: 

effective dim-6, dim-7, 
dim-9 couplings (right)

electro-weak inv. dim-7 
couplings (below):   

Single-coupling bounds* on dim-7 
couplings from 0nubb (Kamland-Zen)  

* constraints on C_LHD, C_LHW from neutrino  
   mass much stronger 

* bounds weaker or 
stronger depending on 
whether contribution is 
chirally suppressed or 
enhanced by large 
magnetic moment 



Dimension 7 ΔL=2 LNV operators:
Simultaneous contributions of neutrino masses and dim-7 
operators: m_eff       

����������
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• Regions correspond to varying phases in dim-7 operator and PMNS matrix

• Size of region set by size of dim=7 operator (plots for 600 TeV)



Dimension 7 ΔL=2 LNV operators:
Simultaneous contributions of neutrino masses and dim-7 
operators: energy and angular dependence        
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•	New	sources	of	ΔL=2	LNV	could	dominate	“standard	non-standard”	contribu;on	(i.e.,	long-
distance	Majorana	neutrino	mass	contribu;on)

•	If	neutrino	hierarchy	is	“normal”*,	such	non-conven;onal	sources	for	ΔL=2	LNV	and	0nubb	only	
physics	case	for	discovery

•	Discussed	possibili;es,	from	both	model-dependent	and	effec;ve	field	theory	descrip;ons.	In	
contact	limit	reduced	set	of	electroweak	invariant	operators:	dim-7	and	dim-9	operators.

	
•	first	chiral	es;mates	of	all	two	pion	matrix	elements	arising	from	scalar	4-quark	operators,	

necessary	ingredient	for	leading	0nubb	matrix	elements	arising	from	such	non-conven;onal	
short-distance	sources

•	expect	error	to	be	improved	only	through	direct	LQCD	computa;ons.	QCD	input	increasingly	
becoming	under	control	for	end-to-end	computa;on.	LaVce	input	for	πNN	and	NNNN	s;ll	
needs	to	be	developed	(hard).	

•	dimension-7	ΔL=2	LNV	operators	constrained	by	0nubb	to	be	O(100	TeV)	scale.	Probably	not	
accessible	at	LHC,	but	future	100	TeV	collider	possible	opportunity	

•		big	inverse	problem	if	ΔL=2	LNV	discovered,	but	that	is	a	good	situa;on	to	be	in

Summary

*and outside of the quasi-degenerate region


